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Lateralization is a fundamental property of the human brain that affects perceptual,
motor, and cognitive processes. It is now acknowledged that left–right laterality is
widespread across vertebrates and even some invertebrates such as fruit flies and
bees. Honeybees, which learn to associate an odorant (the conditioned stimulus, CS)
with sucrose solution (the unconditioned stimulus, US), recall this association better
when trained using their right antenna than they do when using their left antenna.
Correspondingly, olfactory sensilla are more abundant on the right antenna and odor
encoding by projection neurons of the right antennal lobe results in better odor
differentiation than those of the left one. Thus, lateralization arises from asymmetries
both in the peripheral and central olfactory system, responsible for detecting the
CS. Here, we focused on the US component and studied if lateralization exists in
the gustatory system of Apis mellifera. We investigated whether sucrose sensitivity is
lateralized both at the level of the antennae and the fore-tarsi in two independent groups
of bees. Sucrose sensitivity was assessed by presenting bees with a series of increasing
concentrations of sucrose solution delivered either to the left or the right antenna/tarsus
and measuring the proboscis extension response to these stimuli. Bees experienced
two series of stimulations, one on the left and the other on the right antenna/tarsus.
We found that tarsal responsiveness was similar on both sides and that the order of
testing affects sucrose responsiveness. On the contrary, antennal responsiveness to
sucrose was higher on the right than on the left side, and this effect was independent of
the order of antennal stimulation. Given this asymmetry, we also investigated antennal
lateralization of habituation to sucrose. We found that the right antenna was more
resistant to habituation, which is consistent with its higher sucrose sensitivity. Our
results reveal that the gustatory system presents a peripheral lateralization that affects
stimulus detection and non-associative learning. Contrary to the olfactory system, which
is organized in two distinct brain hemispheres, gustatory receptor neurons converge into
a single central region termed the subesophagic zone (SEZ). Whether the SEZ presents
lateralized gustatory processing remains to be determined.
Keywords: Apis mellifera, behavioral lateralization, brain asymmetries, habituation, left–right asymmetries,
proboscis extension response, sucrose sensitivity
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INTRODUCTION
Lateralization, once considered a hallmark of humans (Corballis,
1989), is a rather widespread animal phenomenon [recently
reviewed in Rogers et al. (2013) and Rogers and Vallortigara
(2017)]. Sensory and motor asymmetries in behavior, as well
as asymmetries in the nervous system, occur in many taxa,
independently of brain size or complexity (Frasnelli et al., 2012;
Rogers et al., 2013; Frasnelli, 2017). It has been suggested that
left–right asymmetries avoid duplicate processing of information,
optimizing the computation of the nervous system and reducing
the possibility of conflicting information from bilateral sensory
organs (Vallortigara and Rogers, 2005). Lateralization might also
be advantageous at the periphery of sensory systems, as shown
by the example of nematodes where functional asymmetries of
chemosensory neurons optimize chemotaxis (Suzuki et al., 2008)
and are required for odor discrimination (Wes and Bargmann,
2001).
In the last decade, many studies reported the occurrence of
sensory asymmetries in various invertebrate species (reviewed
in Frasnelli et al., 2012; Frasnelli, 2017). Among insects, the
honeybee has received particular attention in the study of
asymmetries (reviewed in Frasnelli et al., 2014). Honeybee
workers trained to associate either a visual or an olfactory
stimulus (the conditioned stimulus, CS) with sugar reward (the
unconditioned stimulus, US) show population-level asymmetries
in recalling the sensory stimulus (Letzkus et al., 2006, 2008;
Rogers and Vallortigara, 2008; Anfora et al., 2010; Frasnelli et al.,
2010a,b; Rigosi et al., 2011; Guo et al., 2016). Specifically, bees
in which only one antenna/eye is stimulated by the CS show
a dominance of the right side in the ability to recall learned
sensory stimuli (Letzkus et al., 2006, 2008; Anfora et al., 2010;
Frasnelli et al., 2010a; Rigosi et al., 2011), as do bees trained
with both antennae in use and tested for short-term memory
(Rogers and Vallortigara, 2008; Frasnelli et al., 2010b). A left-
side dominance has been reported for the recall of long-term
olfactory memory when bees are trained with both antennae in
use (Rogers and Vallortigara, 2008; Frasnelli et al., 2010b). In the
case of the olfactory system, population-level asymmetries are
already present at the level of the antennae and the antennal lobes,
with the right side showing a higher number of antennal olfactory
sensilla and a higher separation between odors when antennal
lobe responses are evaluated using calcium imaging (Letzkus
et al., 2006; Frasnelli et al., 2010a; Rigosi et al., 2015). Also, an
increased protein-coding gene expression is observed 24 h after
olfactory learning in bees trained with their right antennae as
compared with bees trained with only the left ones (Guo et al.,
2016).
Although lateralization of olfactory processing might be
sufficient per se to trigger the lateralized behavior in the
framework of olfactory learning and memory, the contribution
of the US, i.e., the sucrose reward, has been largely overlooked.
This is particularly surprising as sucrose perception in olfactory
conditioning starts at the level of bilateral organs such as the
antennae (Esslen and Kaissling, 1976; de Brito Sanchez et al.,
2005) and the tarsi (de Brito Sanchez et al., 2014). It has been
shown that food rewards trigger an asymmetrical expression
of the immediate early-gene c-jun transcript in the honeybee
(McNeill and Robinson, 2015; McNeill et al., 2016). Additionally,
sucrose responsiveness affects learning and odor discrimination
performance in worker honeybees (Scheiner et al., 2001, 2003),
so that any left–right bias in sucrose processing might indeed
contribute to the observed behavioral asymmetries in olfactory
learning and memory in this insect.
Here, we investigated lateralization of sucrose sensitivity of
honeybees, both at the level of the antennae and the tarsi. Using
the appetitive response of proboscis extension response (PER)
of bees to sucrose solutions of increasing concentrations, we
compared sucrose responsiveness at the level of left vs. right
antennae and tarsi. We report the first evidence for lateralization
of sugar sensitivity in the honeybee, with higher responsiveness
and resistance to habituation on the right antenna compared to
the left one. We discuss the consequences of this lateralization
and propose further research avenues in the study of gustatory
lateralization in bees.
MATERIALS AND METHODS
Animal Preparation
Experiments were carried on using forager bees (Apis mellifera
ligustica) caught at a feeder made available each morning at
the experimental apiary of the Research Center on Animal
Cognition, located in the campus of the University Paul Sabatier
(Toulouse, France). Each experimental day, bees were brought to
the laboratory, cold anesthetized until immobility (approximately
4–5 min), and harnessed individually within a metal tube using
adhesive tape placed in between the head and the thorax. Low-
temperature melting wax was used to further immobilize the
head (Matsumoto et al., 2012). Bees used in the antennal-
responsiveness assay were prepared as follow: two thin strips
of adhesive tape (∼4 mm × 5 cm) were joined together on
their sticky side and applied to one of the two antennae as
shown in Figure 1A. This allowed to block one antenna without
damaging it during the first experimental phase in which sucrose
FIGURE 1 | (A) A harnessed honeybee prepared for the antennal
responsiveness assay with the upper part of the right antenna (flagellum)
blocked by a strip of tape (the tape in contact with the antenna is not sticky) in
order to prevent any movement and stimulus detection by this antenna during
testing. The left antenna is free to move and can be easily reached by the
experimenter to test its sucrose sensitivity. (B) A harnessed honeybee
prepared for the tarsal responsiveness assay with its fore-legs fixed wide open
in order to allow tarsal gustatory stimulation.
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responsiveness via the contralateral antenna was recorded, and
to free it in a second experimental phase to assess sucrose
responsiveness while the contralateral antenna was blocked in
the same way. PER can be elicited in bees immobilized in this
way by gently touching the free antenna with a toothpick soaked
with sucrose solution. Bees used for tarsal responsiveness were
mounted in the metal tubes with fore-tarsi protruded and fixed
wide open in order to facilitate their stimulation (Figure 1B). PER
can be elicited in these bees by touching the left or the right fore-
tarsus with a toothpick soaked with sucrose solution (de Brito
Sanchez et al., 2014). Once harnessed, each bee was checked for
intact PER and was fed with 5 µl of sucrose solution (50% w/w)
to equalize the level of hunger across individuals. After feeding,
bees were kept resting for 2 h in a dark and humid place (∼60%)
at 25± 1◦C before proceeding with the experiment. Bees that did
not show the reflex were discarded.
Sucrose Responsiveness Assay
Two hours after resting, sucrose responsiveness was quantified
by recording PER in response to increasing concentrations of
sucrose, following a standard protocol (Pankiw and Page, 1999;
Scheiner et al., 1999; Scheiner et al., 2003). Sucrose solutions
were prepared using sucrose of analytical grade (Sigma-Aldrich,
France) diluted in purified water (Milli-Q System, Millipore,
Bedford, MA, United States). Each bee was presented with seven
sucrose solutions of increasing concentrations: 0.1, 0.3, 1, 3, 10,
30, and 50 (w/w), which were delivered on the free antenna
or tarsus with the help of one toothpick. In the case of tarsal
stimulation, the tarsus was approached from below to avoid
any accidental contact with the antennae and care was taken
to ensure that the toothpick contacted both the tarsus and the
claws. In the case of antennal stimulation, the antenna was
approached from below to minimize the interference with the
visual system of the insect and the antenna touched on its mid-
distal part including the tip. In both cases, successive sucrose
stimulations were interspersed with purified water stimulations
to avoid sensitization. The inter-stimulus interval (either for
sucrose or water) was ∼2 min. Bees that did not respond to any
sucrose concentration, including the 50%, were excluded from
successive analyses (Scheiner et al., 1999). We also discarded bees
responding to water to control for the effect of thirst on sucrose
responsiveness and those exhibiting inconsistent responses to
sucrose (i.e., responding to a lower but not to a higher sucrose
concentration) as preconized by the standard method of sucrose
responsiveness evaluation (Pankiw and Page, 1999; Scheiner et al.,
1999, 2003). To test for lateralization in sucrose responsiveness,
the PER assessment to all sucrose concentrations was repeated
twice for each bee, one on each side (left vs. right). To balance
out the possible effect of testing order, half of the bees were first
stimulated with sucrose on their right antenna/tarsus and then on
their left antenna/tarsus, while the other half was subjected to the
inversed sequence.
The two sequences of stimulation were spaced by 2 h. In
the case of bees tested for antennal responsiveness, the tape
covering the antenna was moved to the other antenna soon
after the end of the first assay. Bees were then fed again with
5 µl of sucrose solution, kept resting for 2 h in a dark and
humid place (∼60%) at 25 ± 1◦C before proceeding with the
second phase of the experiment. For each bee retained for the
analysis (antennal sensitivity: n = 101, tarsal sensitivity: n = 88),
an individual sucrose response score (SRS) was calculated as
the number of sucrose concentrations eliciting a PER (e.g.,
SRS = 4 for an individual responding to 3, 10, 30, and 50%
sucrose solution but not to lower concentrations). SRS ranged
from 1 (bees responding only to the 50% sucrose solution
delivered at the end of the sequence) to 7 (bees responding to
all seven concentrations). For each bee two different SRSs were
calculated, one for the left antenna/tarsus and one for the right
antenna/tarsus.
Non-associative Learning Assay
A subset of bees tested for left–right antennal lateralization
(n = 57) was then trained following a habituation protocol to
investigate the possible existence of lateralization in habituation
to antennal sucrose stimulation. These bees were the last ones
tested in the sucrose responsiveness assay. At the end of the
previous assay, bees were fed ad libitum and kept resting
overnight in a dark and humid place (∼60%) at 25 ± 1◦C
with both antennae free to move. The day after, bees were
fed again with 5 µl of sucrose solution (50% w/w) and one
antenna was blocked as explained above. After 2 h resting, bees
were subjected to the habituation assay, which consisted of 30
successive stimulations with 10% sucrose solution on the free
antenna. Stimulations lasted less than a second and the inter-
stimulus interval was 10 s (Scheiner, 2004; Baracchi et al., 2017).
Once the first habituation phase was finished, the bees had a
resting period of 2 h. The habituated antenna was blocked and
the non-habituated one was released to perform the second
habituation phase in the same way. The same right–left or
left–right order was used in the sucrose responsiveness and
habituation assays so that if a bee was first tested for sucrose
responsiveness on the right antenna and then on left antenna
(Right 1 and Left 2, n = 27), it was first habituated on the right
antenna and then on the left antenna and vice versa (Left 1 and
Right 2) (n = 30).
At the end of each habituation phase, a dishabituation trial
(DT) was performed 10 s after the last habituation trial. It
consisted of a single stimulation with a 50% sucrose solution
delivered to the selected antenna. Ten seconds after the DT, the
bees received a test stimulation on the same antenna with the
original stimulus used in the habituation phase (10% sucrose
solution). In all cases, PER (yes/no) to the stimulating solution
was assessed. For each antenna, an individual habituation score
(HS) was calculated as the number of sucrose stimulations
eliciting a PER in the habituation phase. HSs ranged, therefore,
from 1 to 30.
Data Analysis
Proboscis extension responses (1 or 0) to sucrose stimulation
of individual bees in both the sucrose responsiveness and the
habituation assays were examined using generalized linear mixed
models (GLMMs) with a binomial error structure – logit-link
function – glmer function of R package lme4 (Bates et al., 2014).
For the sucrose responsiveness assay, either for the tarsal or
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the antennal experiment, “Response” was entered as a dependent
variable, “Side” and “Order” were entered as fixed factors, and
“Sucrose concentration” was entered as a covariate. For the
habituation assay, “Response” was the dependent variable, ‘Order’
was a fixed factor, and ‘Trial’ was entered as a covariate.
Left–right differences in SRS, either at the level of the tarsi and
the antennae, were analyzed with a linear mixed model (LMM).
The “SRS” was the dependent variable, the “Side” and the “Order”
were fixed factors. Left–right differences in antennal HSs were
analyzed with a LMM where the “HS” was entered as a dependent
variable, “Side”, “Order,” and “SRS” were entered as fixed factors.
In all models, “Individual” identity (ID) was considered as a
random factor in order to allow for repeated measurements.
In all cases, we retained the significant model with the highest
explanatory power (i.e., the lowest AIC value). The interaction
Side ∗ Order was evaluated in all the full models but was not
significant in all cases and was, therefore, not included in the
selected models. Left–right differences in the response to the DT
were tested with a Wilcoxon test, while dishabituation responses
to the original stimulus used for habituation were tested with χ2
test. All statistical analyses were performed with R 3.2.3 (R Core
Team, 2016).
RESULTS
Using the PER to sucrose solutions of increasing concentration,
we investigated lateralization of sucrose sensitivity at the level
of the antennae and the tarsi in two independent groups of
bees. As expected, PER of harnessed bees increased with sucrose
concentrations in both the group of bees tested on the antennae
and the one tested on the tarsi of the fore-legs (Figure 2; GLMM,
Sucrose concentration: antennae: χ2 = 153.4, df = 1, n = 101,
p < 0.0001; tarsi: χ2 = 241.8, df = 1, n = 88, p < 0.0001).
Yet, differences in the patterns of responsiveness were found
when comparing antennal and tarsal sucrose responsiveness.
Bees tested on the tarsi showed the same level of responsiveness
on both sides (GLMM, Side: χ2 = 2.69, df = 1, n = 88,
p< 0.10) but the order of testing affected sucrose responsiveness:
in the second stimulation phase, bees responded significantly
more, irrespectively of the tarsal side considered (GLMM, Order:
χ2 = 6.04, df = 1, n = 88, p = 0.014, Figure 2A). Accordingly, the
tarsal SRS, which provides an individual assessment of sucrose
responsiveness, was statistically similar on the left and the right
side (mean SRS± SEM: mean right 1 and 2 side 2.6± 0.06; mean
left 1 and 2 side 2.5 ± 0.07; LMM, χ2 = 1.08, df = 1, n = 88,
p = 0.29) but differed between stimulation phases (Figure 3A;
LMM, χ2 = 10.47, n = 88, p = 0.001).
In the case of bees tested on the antennae, we found a
lateralization of sucrose sensitivity when comparing the left
and right sides (Figure 2B; GLMM, Side: χ2 = 19.30, df = 1,
n = 101, p < 0.0001). In particular, the right antenna was more
sensitive to sucrose than the left one. This was particularly
visible for intermediate sucrose concentrations such as 3% but
not for the highest concentration where all groups showed
maximal responsiveness (left–right: χ2 test: 0.1%: p = 0.09; 0.3%:
p = 0.32; 1%: p = 0.07; 3%: p = 0.02; 10%: p = 0.07; 30%:
p = 0.12), irrespectively of the stimulation phase considered
(GLMM, Order: χ2 = 2.71, df = 1, n = 101, p = 0.1). The SRS
analysis confirmed the antennal lateralization detected at the
population level (Figure 3B; mean SRS ± SEM: right 1 and 2
side 3.9 ± 0.08; left 1 and 2 side 3.3 ± 0.08; LMM, χ2 = 14.70,
n = 101, p = 0.00012) and that the order of testing had no
effect (LMM, χ2 = 1.86, p = 0.17). Thus, while the fore-tarsi did
not show evidence of lateralization, the antennae showed a clear
asymmetry in sucrose responsiveness.
This asymmetry led us to investigate antennal lateralization of
habituation to antennal sucrose stimulation in a subset of bees
previously tested for left–right antennal lateralization (n = 57).
Bees were first habituated on one antenna and afterward on the
other antenna. In both phases, the repeated stimulation with
10% sucrose solution led to significant habituation along trials as
PER decreased significantly from the 1st to the 30th habituation
trial (Figure 4; GLMM, trial: χ2 = 683.2, df = 1, p < 0.0001).
Yet, the degree of PER habituation differed between the left and
the right antenna (Figure 4; GLMM, Side: χ2 = 29.78, df = 1,
p< 0.0001) and was independent of the order of testing (GLMM,
Order: χ2 = 0.33, df = 1, p = 0.56). Consistently with the higher
sensitivity of the right antenna found in the prior experiment,
we found that the right antenna was also more resistant to
habituation than the left one at the population level, irrespectively
of the order of testing. Accordingly, a higher HS was found for the
right antenna (i.e., less habituation) compared to the left antenna
(Figure 5; mean HS ± SEM: right 1 and 2 side, 21.4 ± 0.56; left
1 and 2 side, 17.5 ± 0.64; LMM, χ2 = 11.30, df = 1, p = 0.001).
The SRS of each antenna had indeed a main effect on its HS,
thus showing that higher sucrose sensitivity resulted in more
resistance to habituation (LMM, χ2 = 33.86, df = 1, p< 0.0001).
The recovery of PER after replacing the 10% habituation
sucrose solution by a 50% sucrose solution (Figure 4;
dishabituation trial, DT) ruled out that the observed decrease
of PER to successive stimulations was due to fatigue and/or
sensory adaptation. Indeed, a significant increase of PER was
observed between the response in the last habituation trial and
in the DT in all cases (Figure 4; Wilcoxon test, left 1: n = 30,
Z = −4.79, p < 0.001; left 2: n = 27, Z = −4.58, p < 0.001; right
1: n = 27, Z = −4.36, p < 0.001; right 2: n = 30, Z = −4.47,
p < 0.001). Stimulating with the original habituating stimulus
(10% sucrose solution) in the final test after the DT showed
response recovery following dishabituation; in all cases, responses
recorded in this last test were significantly higher than those
recorded in the last habituation trial (Figure 4; Wilcoxon test, all
groups p < 0.001). Significant left–right differences were neither
found in dishabituation nor in the final test (Wilcoxon test, DT:
Z =−0.81, p = 0.41; test: Z =−0.90, p = 0.36).
DISCUSSION
In the present work, we studied for the first time gustatory
lateralization in the honeybee by testing their sucrose sensitivity
both at the level of the antennae and the distal segments of the
fore-legs (tarsi). We found that a left–right asymmetry in sucrose
sensitivity exists at the level of the antennae. Bees exhibited a
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FIGURE 2 | Left–right tarsal (fore-tarsi) (A) and antennal (B) responsiveness to sucrose solution. Both graphs show cumulative percentages of bees showing PER
when stimulated with seven sucrose solutions of increasing concentration (0.1, 0.3, 1, 3, 10, 30, and 50% w/w). Approximately half of the bees were tested first on
the right antenna (Right 1) and then on the left antenna (Left 2) (n = 49) and vice versa (Left 1 and Right 2) (n = 52). Similarly, about half of the bees were tested first
on the right tarsus (Right 1) and then on the left tarsus (Left 2) (n = 51) and vice versa (Left 1 and Right 2) (n = 37). (A) No lateralization of tarsal sucrose sensitivity
was found (GLMM, p = 0.10), but a significant effect of the stimulation sequence was detected (GLMM, p = 0.014), with sensitivity being increased during the
second stimulation phase. (B) A lateralization of antennal sucrose sensitivity was found at the population level, with the right antenna being significantly more
sensitive to sucrose than the left one (GLMM, p < 0.0001).
FIGURE 3 | Left–right tarsal (fore-tarsi) (A) and antennal (B) individual sucrose response scores (SRS). Median, quartiles, and max and min (upper and lower
whiskers) SRS values of bees stimulated with seven sucrose solutions of increasing concentration (from 0.1 to 50% w/w) on the left (reddish) and the right (cyan)
antenna and tarsus. Black dots represent individual bees. For each bee, SRS values could range between 7 (a bee responding to all seven concentrations) and 1 (a
bee responding only to the highest concentration of 50%). (A) No lateralization of sucrose sensitivity was found at the level of the tarsi (LMM, n = 88, p = 0.29) while
the order of testing had a significant effect (LMM, p = 0.001). (B) SRS revealed a lateralization of sucrose sensitivity (LMM, n = 101, p = 0.0001) while the order of
testing had no effect (LMM, p = 0.17).
higher responsiveness to intermediate sucrose concentrations on
the right than on the left antenna, an effect that was independent
of the order of stimulation. This asymmetry was also visible
in a habituation experiment, where repeated stimulation with
an intermediate sucrose concentration on the more sensitive
right antenna determined less habituation than on the left
antenna. No lateralization was found at the level of the fore-
tarsi where, on the contrary, enhanced responsiveness was
found on the second phase of sucrose stimulation, irrespectively
of tarsal side. In this case, the successive experience with
sucrose seemed to enhance the sensitivity of the bees for both
tarsi.
Recall of olfactory memory is lateralized in honeybees as they
achieve better retention performances when the odorant acting as
CS is delivered to their right rather than to their left antenna after
olfactory PER conditioning with single antenna in use (Frasnelli
et al., 2014; Guo et al., 2016). Interestingly, when the odorant
is delivered to both antennae at the same time during training
and presented to single antennae during test, the memory recall
is achieved better with the right antenna only 1–2 h after
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FIGURE 4 | Left–right antennal habituation to sucrose solution stimulation.
Like in the sucrose responsiveness assays, approximately half of the bees
were first tested for habituation on the right antenna (Right 1) and then on the
left antenna (Left 2) (n = 27) while the other half experienced the reversed
sequence (Left 1 and Right 2; n = 30). The two sequences of side stimulation
were spaced by 2 h. Habituation consisted in 30 consecutive stimulations
with a 10% (w/w) sucrose solution on the free antenna (while the other one
was blocked). Ten seconds after the last habituation trial, bees were
stimulated on the habituated antenna with a 50% (w/w) sucrose stimulation to
induce dishabituation (“dishabituation trial” or DT). Ten seconds after the DT,
bees were stimulated on the same antenna with the original stimulus used
during the training (i.e., 10% sucrose solution) to check for typical response
recovery following dishabituation (“Test”). The right antenna was more
resistant to habituation than the left one at the population level (GLMM,
p = 0.006). Habituation to sucrose stimulation was significantly affected by the
SRS of individual bees (GLMM, p < 0.0001), thus demonstrating that the
left–right antennal asymmetry in sucrose sensitivity translates directly into a
lateralization of habituation to sucrose stimulation. The order of testing had no
effect on habituation. No significant left–right differences in the DT as well as in
the test were observed (Wilcoxon test, DT: p = 0.41, test: p = 0.36). The DT
as well as re-stimulating with the original stimulus induced a significant
response recovery, which did not differ between sides. This demonstrates that
the observed decrease in PER to the 10% sucrose solution was a real case of
habituation and was not due to sensory adaptation or fatigue.
training, while at 6–23 h the recall is better performed with the
left antenna (Rogers and Vallortigara, 2008). The mechanisms
underlying this asymmetry remain to be clarified but, most likely,
they can be partially retraced to left–right differences both at
the peripheral and at the central level. At the peripheral level,
olfactory sensilla (i.e., sensilla placodea, trichodea, and basiconica)
have been found to be more abundant on the right than on the
left antenna, suggesting that lateralization in memory retrieval
may arise from asymmetries in the detection of the conditioned
odor stimulus (CS) during appetitive olfactory training (Letzkus
et al., 2006; Frasnelli et al., 2010a). At the central level, neural
responses in the left and right antennal lobes differ, so that
odor encoding in these structures results in higher separation
(i.e., better discriminability) in the right antennal lobe (Rigosi
et al., 2015). Moreover, 24 h after olfactory PER conditioning
with single antennae, the right side of the brain shows increased
gene-expression compared to the left one (Guo et al., 2016).
These findings clearly underline that asymmetries in
olfactory retrieval have a correlate at various levels of odorant
(CS) processing in the bee nervous system. However, these
asymmetries might also correlate with additional asymmetries
at the level of gustatory (US) processing. In olfactory PER
FIGURE 5 | Left–right antennal habituation score (HS). Median, quartiles, and
max and min (upper and lower whiskers) sucrose response values of
individual HSs for bees subjected to two phases of 30 consecutive antennal
stimulations with 10% sucrose solution. Approximately half of the bees were
tested for habituation first on the right antenna (Right 1) and then on the left
antenna (Left 2) (n = 27) and vice versa (Left 1 and Right 2) (n = 30). Black
dots represent individual bees. Bees with a score of 30 responded to all 30
sucrose stimulations, i.e., did not show any habituation. The right antenna had
a higher score than the left antenna (LMM, p = 0.001) indicating a higher
resistance to habituation on the right side compared to the left one. The order
of testing had no significant effect on the HS.
conditioning, sucrose is the US used to induce PER. In the
first versions of this protocol, sucrose was delivered to the
fore-tarsi and then to the proboscis (Takeda, 1961) while in the
more recent and standard protocol, it is first delivered to the
antennae and then to the proboscis (Matsumoto et al., 2012).
Among these gustatory appendages, only the antennae exhibited
a differential sucrose sensitivity between the left and the right
side. However, it worth noting that this asymmetry was only
visible for sucrose concentrations that are typically not used in
olfactory PER condition as they are too low (e.g., 3%) to support
efficient learning (Matsumoto et al., 2012). The same remark
may apply to other conditioning protocols. For instance, in a
recently established gustatory conditioning protocol, bees receive
tastants on the antennae and, afterward, a mild electric shock
which induces the sting extension reflex (SER) (Guiraud et al.,
2018). Over the successive trials, bees learn to extend the sting to
aversive tastes. No left–right antennal asymmetries were found
when bees learned the association between sucrose and the shock.
Yet, the concentration of sucrose (33%) used in this protocol
(Guiraud et al., 2018) falls within the range in which asymmetries
were no longer evident in our work. Interestingly, contrary to
olfactory PER conditioning, in gustatory SER conditioning,
sucrose can be used at concentrations lower than 33% as it does
not represent the US but the CS (Guiraud et al., 2018). As sucrose
sensitivity is a crucial determinant of learning performance in an
associative learning task, we predict that the antennal asymmetry
in sucrose sensitivity revealed by our work is likely to translate
into an asymmetrical performance in aversive gustatory learning
and/or memory formation when low sucrose concentrations are
used as CS.
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Asymmetric performances during olfactory learning between
bees with only their left or their right antenna in use have
been reported only for learning to detect an odorant from a
background but not during differential odor learning (Rigosi
et al., 2015). Interestingly, we demonstrated that a left–right
asymmetry exists in a simple form of non-associative learning
(habituation). As expected, the observed lateralization in sucrose
responsiveness (i.e., higher sucrose sensitivity on the right
antenna) corresponded to a lateralization in the same direction
in habituation to successive sucrose stimulations (i.e., more
resistance to habituation upon stimulation on the right antenna).
This finding is not surprising given the correlation existing
between sucrose responsiveness and habituation to antennal
sucrose stimulation in bees (Scheiner, 2004).
The mechanisms underlying left–right sucrose responsiveness
asymmetries in the antennae may also involve left–right
asymmetries at the peripheral level, i.e., in the gustatory
sensilla/receptors located on these appendages. Analyses of non-
olfactory sensilla located on the bee antennae, which included a
category of gustatory sensilla (i.e., sensilla chaetica), found slightly
more sensilla in the segments 3rd–9th of the left than on the
right antenna (Frasnelli et al., 2010a). This asymmetry does not
align with our finding that bees are more sensitive to sucrose on
the right antenna. However, when the last distal segment of the
flagellum (10th segment) which constitutes the primary antennal
contact region was considered, the situation was reversed with
slightly more non-olfactory sensilla on the right than on the left
antenna (Frasnelli et al., 2010a). Importantly, sensilla chaetica,
which are responsible for sucrose detection and respond in a
dose-dependent manner to sucrose solution (Haupt, 2004; de
Brito Sanchez et al., 2005), show a high degree of variability in
spike frequency and sucrose response within the same antenna
(Haupt, 2004). Lateralization of sucrose responsiveness might be,
therefore, due to left–right differences in the proportion of distal
sensilla chaetica with different sensitivities to sucrose rather than
to differences in their absolute number.
Besides the antennae, other body regions such as the
subesophagic zone (SEZ) of the brain might be involved in the
observed left–right lateralization. The SEZ is the main central
gustatory area in the insect brain (see de Brito Sanchez, 2011). It
has a major role in gustatory encoding but also participates in the
motor control of mouthparts and mechanosensory information
processing. Contrary to the olfactory system, which is organized
in two distinct brain hemispheres, the SEZ is a central unpaired
brain area. Several sucrose processing neurons with their soma
located in the ventral and median region of the SEZ (VUM
neurons: ventral unpaired median neurons) and arborizing
within different regions of the bee brain have been reported
(Schröter et al., 2006). Whether, despite its unpaired nature,
the SEZ presents a lateralized gustatory processing contributing
to the observed antennal gustatory asymmetries remains to be
determined. Interestingly, gustatory receptor neurons hosted by
antennal gustatory sensilla do not only project to the unpaired
SEZ (Pareto, 1972; Suzuki, 1975; Haupt, 2007) but also to two
adjacent lateral regions termed the lateral lobes (one on each side
of the SEZ) (Haupt, 2007). Left–right asymmetries in antennal
sucrose processing may have, therefore, a neural correlate at
the level of the lateral lobes with enhanced signaling on the
right side compared to the left side. This possibility remains so
far unexplored and further investigations will be necessary to
understand the neural underpinnings of lateralization in the case
of antennal sucrose responsiveness.
The adaptive value of the lateralized sucrose sensitivity at
the level of the antennae remains unclear. From an ecological
perspective, it would be interesting to determine whether foragers
entering in contact with food, be it pollen or nectar, exhibit some
bias prioritizing a first contact with the right antenna. As the right
antenna is particularly sensitive to low sucrose concentrations
(e.g., 3%), which correspond to those found in various pollen
types (Szcze˛sna, 2007), pollen contact may be lateralized similarly
to what occurs at the level of social interactions. In this case, bees
display a lateral preference to use their right antenna in positive
interactions with other bees involving food exchange (Rogers
et al., 2013). Moreover, an antennal bias in sugar responsiveness
could help optimizing side-specific odor memory formations
and retention during foraging. Specializing the right side for
immediate-short-term odor memory has been hypothesized to
be of aid for building odor memories in a more efficient way to
reduce interference of two types of neural processing (learning
and recalling) during foraging activity over time (Rogers and
Vallortigara, 2008). When bees are trained in the lab with both
antennae in use, the recall of odor memories shows a shift of
antenna dominance over time, with the right antenna specialized
for short-term memory recall and the left one for long-term
memory recall (Rogers and Vallortigara, 2008; Frasnelli et al.,
2010b). Having the left antenna less tuned to sugar responsiveness
could contribute to this specialization, leaving the left side free
to perform a parallel task possibly tuned to long-term memory
formation.
Similarly to what has been reported by previous works
(Marshall, 1935; de Brito Sanchez et al., 2008), we found that
the fore-tarsi were less sensitive to sucrose than the antennae,
a fact that may be related to the different number of taste
sensilla located on these gustatory structures [antennae count
about 15–30 times more receptors than the tarsi (Whitehead
and Larsen, 1976; de Brito Sanchez, 2011)]. Contrary to the
case of the antennae, no evidence for lateralization of sucrose
sensitivity was found at the level of the distal segments of the
fore-tarsi. Each tarsomere has two types of gustatory sensilla, 10–
21 sensilla chaetica and 0–6 sensilla basiconica (Whitehead and
Larsen, 1976) but whether these numbers differ between the left
and right fore-tarsi remains to be determined. Similarly, whether
projections of the gustatory receptors hosted by these sensilla to
the central level (i.e., to the thoracic ganglion and eventually to
the SEZ) differ between sides is unknown. Our behavioral results
do not seem to support the existence of differences in the number
and/or sensitivity of gustatory receptors at either the peripheral
or the central level.
An interesting finding concerning tarsal sucrose sensitivity
was the significant effect of sequence stimulation. When bees
were stimulated with increasing sucrose concentrations on one
tarsus, sucrose sensitivity was increased in the contralateral
tarsus, irrespective of the side considered. This result indicates
that excitation induced by sucrose stimulations is transferred via
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central integration to the contralateral tarsus. Previous behavioral
experiments showed that sucrose solution delivered on one
tarsus elicits immediate PER which cannot be inhibited by any
other aversive substance delivered afterward on the contralateral
tarsus. In these conditions, sucrose was suggested to act as
a “winner takes-all” stimulus, suggesting “a process of central
integration, probably at the level of the thoracic ganglion”
(de Brito Sanchez et al., 2014). This hypothesis is consistent
with the present findings and indicates that when bees detect
sucrose with one fore-tarsus, they become “prepared” to sense
sucrose with the opposite tarsus, a mechanism that may serve
efficient location of minute nectar sources. Importantly, this
effect cannot be attributed to sensitization, the enhancement of
responsiveness due to non-associative experience with a repeated
biologically relevant stimulus like food (Squire and Kandel,
1999). In the honeybee, sensitization is only observable after
very short intervals (seconds to few minutes) following food
stimulation (Menzel, 1999). The fact that an interval of 2 h was
interspersed between the two sucrose stimulation phases excludes
the possibility of bees being sensitized by the first stimulation
phase. Moreover, given the fact that the antennae are more
sensitive to sucrose than the tarsi (see above), if sensitization
would have occurred, it should have been observed at the level
of the antennae rather than at the level of the tarsi. This was not
the case and rules out, therefore, the possibility of sensitization
accounting for enhanced responsiveness between fore-tarsi.
To date, clear anatomical asymmetries at the level of the
brain are still lacking for honeybees (Haase et al., 2011a,b;
Rigosi et al., 2011) and differences in the number or sensitivity
of olfactory and non-olfactory sensilla are unlikely to explain
entirely the behavioral laterality found in this insect (Frasnelli
et al., 2012). Phenomena such as the lateral shift (Rogers and
Vallortigara, 2008) or the side specificity of olfactory learning and
generalization (Sandoz and Menzel, 2001; Sandoz et al., 2002)
together with evidence of asymmetry in gene expression (Biswas
et al., 2010; McNeill and Robinson, 2015; Guo et al., 2016; McNeill
et al., 2016) and odor processing (Rigosi et al., 2015) described in
honeybees suggest, indeed, that asymmetries at the central level
also exist and await for better characterizations.
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